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Inflation from D3-brane motion in the background of D5-branes 
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We study inflation arising from the motion of a Bogomornyi-Prasad-Sommerfield (BPS) D3-brane 
in the background of a stack of k parallel D5-branes. There are two scalar fields in this set up- 
(i) the radion field R, a real scalar field, and (ii) a complex tachyonic scalar field x living on the 
world volume of the open string stretched between the D3 and D5 branes. We find that inflation is 
realized by the potential of the radion field, which satisfies observational constraints coming from 
the Cosmic Microwave Background. After the radion becomes of order the string length scale l s , 
the dynamics is governed by the potential of the complex scalar field. Since this field has a standard 
kinematic term, reheating can be successfully realized by the mechanism of tachyonic preheating 
with spontaneous symmetry breaking. 

PACS numbers: 98.80.Cq 



I. INTRODUCTION 



There has been a resurgence of interest in the time- 
dependent dynamics of extended objects found in the 
spectrum of string theory, inspired in part by Sen's con- 
struction of a boundary state description of open string 
tachyon condensation. See, for example, Ref. [| for re- 
view. This description has been supplemented well by an 
effective theory described by a Dirac Born Infold (DBI) 
type action for the tachyon field 0]. More recent work 
has focused on the dynamics of a probe BPS D-brane in a 
variety of gravitational backgrounds inspired by the ob- 
servation that there exists a similarity between the late 
time dynamics of the probe D-branes and the condensa- 
tion of the open string tachyon on the world-volume of 
non-BPS branc in flat space. The latter dynamics is also 
described by the DBI action Q , see also Refs. 0, H, El • 
Both systems describe rolling matter fields which have 
a vanishing pressure at late times. As a result we can, 
through an appropriate field transformation, investigate 
the physics of gravitational backgrounds in terms of non- 
trivial fields on a brane in flat space using the DBI effec- 
tive action. This has led to the interesting proposal that 
the open string tachyon may be geometrical in nature. 

Many of the backgrounds that have been probed in 
this manner have been supcrgravity (SUGRA) brane so- 
lutions of type II string theory. By ensuring that the 
number of background branes is large we can trust our 
SUGRA solutions. Moreover we can neglect any back 
reaction of the probe upon the background geometry. 
This allows us to use the DBI action to effectively deter- 
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mine the relativistic motion of extended objects in a given 
background. Quantum corrections can also be calculated 
in those backgrounds that have an exact Conformal Field 
Theory (CFT) description Q. The dynamics of branes in 
various backgrounds is expected to be relevant for string 
theory inspired cosmology, just as in the case of open 
string tachyon matter y\ since the field (radion) which 
parameterizes the distance between the probe brane and 
the static background branes is a scalar and may be a 
potential candidate for being the inflaton. 

One of the most important theoretical advances in 
modern cosmology has been the inflationary paradigm, 
which relies on a scalar field to solve the horizon and 
flatness problems in the early universe (see Refs. Q for 
review). Recent observations from WMAP 0, SDSS [hJ 
and 2dF impose tight restrictions on the possible 
mechanisms that can satisfy the paradigm [T^ , and hence 
provide the interesting possibility for us to test string the- 
oretic inflation models. The observations of Supernova la 
[lflj also suggest that our universe is currently undergo- 
ing a period of accelerated expansion, which is attributed 
to dark energy. It still remains a fundamental problem 
to describe dark energy in a purely stringy context, al- 
though there has been several recent developments [lj| . 

There have been many attempts to embed inflation 
within string theory. The most popular approach has 
been to invoke the use of the open string tachyon liv- 
ing on a non-BPS brane as a candidate for the infla- 
ton @ (see Refs. for a number of cosmological as- 
pects of tachyon) . Unfortunately it has been shown that 
this cannot be implemented in a consistent manner, at 
least in the simplest scenarios ^| . The other com- 
mon approach is so-called D-brane inflation in which the 
separation between branes plays the role of the inflation 
El 13 III E| . In particular this is well accommodated 
in a form of hybrid inflation where tachyonic open string 
fluctuations are the fields which end inflation, and an- 
other field is chosen to be the inflaton. These open string 
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fluctuations arise in the context of all D-brane cosmolog- 
ical models once the branes are within a string length 
of one another. A concrete example of this occurs in 
brane/anti-brane inflation fl9l | and recently in the con- 
text of more phenomenological warped compactifications 
[22I ] (see also Refs. [23). It should be noted that most of 
the work done in this direction assumes that the dimen- 
sionalities of the brane and anti-brane are the same apart 
from D3/D7 brane inflation models studied in Refs. [24| 
which does not include the open string tachyon dynam- 
ics at late times. On the contrary, in our model a probe 
D3 brane is used to lead to inflation in the presence of 
static D5 branes (see Refs. [2^, [26| for related works) and 
the open string tachyon dynamics naturally comes in. In 
any event there has been very little work done on trying 
to understand the relationship between inflation and the 
current dark energy phase which we observe. 

A potential solution for both inflation and dark energy, 
in this context, can be obtained as a mixture of these two 
scenarios. We require a mechanism which drives infla- 
tion independently of the open string tachyon, but then 
falls into the tachyonic state at late times. This can be 
achieved by considering the motion of a D3-brane in a 
type IIB background. By switching to our holographic 
picture of a non-trivial field on a non-BPS brane |3| we 
will find that the radion field naturally exits from infla- 
tion once it reaches a critical velocity. If this occurs at 
a distance larger than the string length, we can then use 
the open string tachyon, which sets in at a distance equal 
to or less than the string length, to explain the dark en- 
ergy content of the universe. 

In this paper we aim to explore the motion of a probe 
D3-brane in the background of k coincident, static D5- 
branes. For simplicity we will neglect any closed string 
radiation which would be emitted from the probe brane 
as it travels down the throat generated by the back- 
ground branes. We will also neglect any gauge fields 
which may exist on the D3-brane world-volume. Note 
that this is S-dual to the solution considered in Ref. 
In order to make contact with four dimensional physics 
we must consider the dual picture of a non-trivial field on 
a non-BPS brane in flat space, where we also toroidally 
compactify the remaining six dimensions 1 . We will as- 
sume that there is some mechanism which freezes the 
various moduli of the compactification manifold so that 
they do not appear in the effective action. The resulting 
theory should represent the leading order contribution 
which would arise from compactifying the full type IIB 
background. At distances large compared to the string 
scale, the DBI description is known to be valid, however 
once the probe brane approaches small distances (order 
of string length scale) we must switch to the open string 
analysis. Open strings will stretch from the D3-brane to 
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the D5-branes, and their fluctuation spectrum contains 
a tachyonic mode. Thus when the separation is order of 
the string length, the DBI description will no longer be 
valid and we must resort to a purely open string analy- 
sis. We expect that inflation will occur in the large field 
(radion) regime and it ends before the separation comes 
closer to string length and that as the branes get closer, 
the open string tachyon reheats the universe. 

This paper is organized as follows. In the next section 
we describe the dynamics of a single probe D3-brane in 
the presence of a large number of static background D5- 
branes. Because of the dimensionalities of the branes we 
expect to find an open string tachyonic mode once we 
beg in to probe distances approaching the string length 
|28j . In section III, we present the inflation dynamics 
and observational constraints on the various parameters 
of our model. In section IV, we discuss the role of the 
open string tachyon after the inflationary phase and the 
possibility of reheating in our model and a brief discus- 
sion on dark energy. In the last section, we present some 
of our conclusions and future outlook. 



II. D3-BRANE DYNAMICS IN D5-BRANE 
BACKGROUND 

In this section we analyze the motion of a probe BPS 
D3-brane in the background generated by a stack of coin- 
cident and static BPS D5-branes. The background fields, 
namely the metric, the dilaton (<j)) and the Ramond- 
Ramond (RR) field (C) for a system of k coincident D5- 
branes are given by 0, l29j | 

e 2 * = F^ 1 = C0...5, F=l + ^_, (1) 

where a, (3 = 0, .., 5; m, n = 6, 9 denote the indices for 
the world volume and the transverse directions respec- 
tively and F is the harmonic function describing the po- 
sition of the k D5-branes and satisfying the Green func- 
tion equation in the transverse four dimensional space. 
Here g s and l s = \J~a! are the string coupling and the 
string length, respectively, r is the radial coordinate 
away from the D5-brancs in the transverse direction. The 
solution parameterizes a throat-like geometry which be- 
comes weakly coupled as we approach the source branes. 

The motion of the D3-brane in the above background 
can be studied in terms of an effective DBI action, on its 
world volume, given by [j| 

S a = -t 3 J d 4 xF-^ 2 ^l + Fd a Rd a R, (2) 

where T3 is the tension of the 3-brane. Here the motion 
of the probe brane is restricted to be purely radial fluc- 
tuation, denoted by the mode R, along the common four 
dimensional transverse space. This action is the same as 
that considered in Ref. Q]. The background considered 
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here is the S-dual to the background considered there and 
we have not kept the contribution of the RR fields in the 
action. The form of the above action resembles the DBI 
action of the tachyon field in the open string ending on 
a non-BPS D3-brane in a flat background. This is given 
by 



Si 



d 4 xV{T) y/1 + d a Td a T . 



(3) 



Comparison of the above two actions defines a 
"tachyon" field T by the relation: 



where 



L 



(4) 



(5) 



In terms of this field the "tachyon potential" in Eq. © 
is given by 



V 



T3 



T3 



(6) 



One can solve Eq. for the T(R) and find it to be a 
monotonically increasing function |3j : 



T(R) = y/L 2 + R 2 



iLln^ 

2 VX^ 



R 2 -L 



R 2 + L 



(7) 



This function is non-invertible but can be simplified by 
exploring limits of the field space solution. As R — > we 
have T(R) — > — oo with dependence 



T(R^O) 

As R — > oo we have T(R) — > 
T(R^c 
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(8) 



(9) 



The effective potential in these two asymptotic regions is 
given by: 



V(T) 

T3 



cxp(- 



for T 



-00 , 



1 1L " f T 

1 ?r for i — > oo . 

2T 2 



(10) 
(11) 



Thus in the limit T — > — oo, corresponding to i? — > 0, 
one observes that the potential goes to zero exponentially 
(see Fig. I). This is consistent with the late time behav- 
ior for the open string tachyon potential in the rolling 
tachyon solutions and leads to exponential decrease of 
the pressure at late times 1^3 . The "tachyon field" has 
a geometric meaning signifying the distance between the 
probe brane and the D5-branes. At large distances, the 
DBI action interpolates smoothly between standard grav- 
itational attraction among the probe and the background 
branes and a "radion matter" phase when the probe 
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FIG. 1: The potential of the field T. The value T* = [>/2 + 
In (y/2 — 1)]L is determined by the condition R = L. The 
potential of the region (i) is approximately given by V(T) = 



T 3 exp(T/L), 
(ii). 



whereas V(T) = r 3 (l - L 2 /2T 2 ) in the region 



brane is close to the five branes. The transition between 
the two behaviors occurs at R ~ L. 

It is important to note that when the probe brane is 
within the distance R ~ l s , the above description in terms 
of the closed string background is inappropriate and the 
system should be studied using upon strings stretched 
between the probe brane and the five branes. To be more 
precise, when the probe brane comes to within a distance 
between l s from the D5-branes, a tachyon appears in the 
open string spectrum and in principle the dynamics of 
the system will be governed by its condensation from 
that point on. 

Thus the full dynamics can be divided into two 
regimes. When the distance R between the D3-brane 
and the D5-branes is much smaller than L but larger 
than l s , we can describe the dynamics of the radial mode 
by the tachyon matter Lagrangian (0) with an ex- 
ponentially decaying potential given by i|I(J|) (note that T 
is going toward — oo). On the contrary, when R is of the 
order of l s , the dynamics would be be governed by the 
conventional Lagrangian describing the complex tachy- 
onic scalar field x present in the open string stretched 
between the D3-brane and the k D5-branes. The poten- 
tial for such open string tachyon field has already been 
calculated Thus the dynamics of \ is described by 
the action: 

s 2 = J d A x[-d aX d a x * - U( X , X*)] , (12) 

where the potential, up to quartic order, is given by: 
1 



u(x,x* 



[nik + l^xxl'-vXX*] ■ (13) 
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Note that x an d v are dimensionless quantities. Here 
v is a small parameter (v <C k) corresponding to the 
volume of a two torus. This arises as we are toroidally 
compactifying the directions transverse to the D3-branc, 
but parallel to the D5-branes, in order to describe the 
dynamics of the open string tachyon. When we map the 
theory to our purely 3 + 1 dimensional subspace, we will 
neglect any string winding modes arising from this torus. 
Furthermore it can be seen that our fully compactificd 
theory is actually not T 6 but the product space T 4 x T 2 
but for simplicity we shall assume that the relevant radii 
are approximately equal. 

Let us briefly recapitulate and consider the bulk dy- 
namics in more detail. At distances larger than the string 
length we know that the DBI action provides a good de- 
scription of the low energy physics for a probe brane in 
the background geometry As mentioned in the intro- 
duction, the D3-brane is much lighter than the coinci- 
dent D5-branes and so we can neglect the back reaction 
upon the geometry. Furthermore the SUGRA solution 
indicates that the string coupling tends to be zero as we 
probe smaller distances, providing a suitable background 
for perturbative string theory and implying that we can 
trust our description down to small distances without re- 
quiring a bound on the energy Q . 

Because of the dimensionalities of the branes in the 
problem there is no coupling of the D3-brane to the bulk 
RR six form. This is because the only possible Wcss- 
Zumino interaction between the probe brane and the 
background can be through the self dual field strength 
/ = dCu). However this field strength must be the 
Hodge dual of the background field strength - which is 
given here by / = dC(g) for D5-brancs - clearly this in- 
consistency implies that the coupling term will vanish. 
For a more detailed explanation of the more general case 
we refer the reader to the paper [2^, however the basic 
result for our purpose is that there is only a non-zero 
interaction term when cither the dimensionality of probe 
and background branes are the same, or they add up to 
six. The probe brane however does possess its own RR 
charge which ought to be radiated as the brane rolls in 
the background, but for simplicity we will neglect this in 
our analysis. 

The energy-momentum tensor density of the probe 
brane in the background can be calculated as 



to 



T3 



Fd a Rd b R 



F\yjl + Frf d d c Rd d R 
-r,abV± + Fv cd d c Rd d R), 



(14) 



where the roman indices are directions on the world- 
volume. As we are only interested in homogenous scalar 
fields in this paper, we find that this expression reduces 



Too — 



73 



y/F\fi - FR? 



T^iWl-FR? 



F 



(15) 



where i,j are now the spatial directions on the D3-brane. 

Using the energy conservation we can obtain the equa- 
tion of motion for the probe brane in our background and 
estimate its velocity. By imposing the initial condition 
that the velocity is zero at the point R = Rq wc find that 
the expression for the velocity reduces to 



R 2 = 



{R 2 + L 2 f 



i-5! 

R 2 



(16) 



which is obviously valid for R < Rq and in fact as ex- 
pected it vanishes identically at R = Rq. We typically 
would expect Rq to be extremely large. Note that in the 
two asymptotic regions of small and large R the velocity 
is tending to zero. This is understood because the throat 
geometry acts as a gravitational red-shift, giving rise to 
D-cceleration phenomenon ■ It should be emphasised 
that the asymptotic limit R — > is unphysical because 
the DBI is not valid once we reach energies of the or- 
der of string mass M s , and so it is not strictly correct 
to say that the velocity goes to zero in the small R ap- 
proximation. However note that when R — > l s we have 
R 2 ~ l 2 /L 2 = l/kg s which is also negligibly small for 
large k. From our perspective this implies that the ki- 
netic energy of the scalar field become sub-dominant at 
small distances. It is essentially frozen out and the dy- 
namics of the open string tachyonic modes come to domi- 
nate. Once the probe brane reaches distances comparable 
with the string length our closed string description is no 
longer valid. Instead we must switch over to an open 
string description of the tachyonic modes \ described by 
the action (|12[) . 

It is worth pointing out that our discussion so far seems 
to suggest that the radionic mode and the open string 
tachyonic mode which are being described by two differ- 
ent action functionals have nothing in common and can 
be described independent of each other. However, it is 
not so. First the number of background branes have to 
be same. Secondly, unlike the open string tachyon on the 
world volume of a non-BPS brane or a brane/anti-brane 
pair, the dynamics of the tachyon on the open string con- 
necting a BPS Dp-brane and a BPS D(p + 2)-brane is not 
described by a DBI type action. If this would have been 
the case, the above two fields could have been combined 
together with keeping in mind about their region of va- 
lidity. 

However, even in the present context we can combine 
the two actions by introducing an interaction term like 
XT 2 x 2 where the coupling A will be zero for values of the 
field T corresponding to R greater than l s . Provided that 
inflation ends for R > l s , this term does not affect the 
dynamics of inflation and for simplicity we have ignored 
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it in the action functional. However, such a term may 
play an important role in a possible reheating phase. We 
can now proceed with our analysis of inflation using the 
full form of the harmonic function - which specifies the 
scalar field potential in terms of the geometrical tachyon 
field rather than the radion field. 



The number of e-foldings from the end of inflation is 



N 



Hdt 



V 2 



Tf M*V T 
lf/ 2 dx. 



dT 



(23) 



III. INFLATION AND OBSERVATIONAL 
CONSTRAINTS FROM CMB 

In this section we shall discuss the dynamics of infla- 
tion and observational constraints on the model (j^J) from 
CMB. Introducing a dimensionlcss quantity x = R/L, 
the full potential (jfJJ) of the field T is written as 



V 



--T3 



where T = T/L is related to x via 



dT Va 



cl.r 



1 _ 1 

~ V 



(17) 



(18) 



where V = V/t^. We require that R is larger than l s , 
which translates into the condition x > 1/ \fkg s . 

In a flat Friedmann-Robcrtson- Walker background 
with a scale factor a the field equations are 0] 



1 



V(T) 



3M| V /] _ T2 



T 



3HT + -f = , 

1 - T 2 V 



(19) 
(20) 



where H = a/a is the Hubble rate, Vr = dV/dT, and 
M p = 1/VSnG is the 4-dimensional reduced Planck mass 
(G is the gravitational constant). 

Combining Eq. (p| and (J20J) gives the relation 
H/H 2 = — 3T 2 /2. Then the slow-roll parameter is given 
by 



H 

^H 2 = 

2s V 



M[V 2 
2 
1 



^ A '*p V T 

2 2 V 3 

1 



2SX(X 2 + l) 5 / 2 



where s is defined by 



L 2 T 3 

Ml 



(21) 



(22) 



In deriving the slow-roll parameter we used the slow-roll 
approximation f 2 < 1 and |T| < 3i? |T| in Eqs. (JSJ and 
(|20|1 . Equation l|21|l shows that e is a decreasing function 
in terms of x. Hence e increases as the field evolves from 
the large R region to the small R region, marking the 
end of inflation at e = 1. 



This is integrated to give 

N = s[f(x) - f(x f )] 

where 



(24) 



/(*) 



\x{x 2 + 1) 3/2 + ^xy/x 2 + 1 



-fin 



Vx~ 2 



1 



(25) 

The function f{x) grows monotonically from /(0) = to 
/(oo) = oo with the increase of x. In principle we can 
obtain a sufficient amount of inflation to satisfy N > 70 
if either s or x is large. 

In order to confront with observations we need to con- 
sider the spectra of scalar and tensor perturbations gen- 
erated in our model. The pow er sp ectrum of scalar metric 
perturbations is given by [33, yj, |3fj 



Vs = 



1 



V 



12tt 2 M6 \ V t 



l2ir 2 kg s (l s M p 



t 2 L 2 
12tt 2 A/6 



;x 2 (x 2 + l) 2 . 



(26) 



The COBE normalization corresponds to Vs = 2 x 10 
around N = 60 which gives 



10 



kg s {l s M p f = j^s 2 x 2 m {x z w + 1) 



c 60 



(27) 



The spectral index of curvature perturbations is given by 

SHE! 



Tls 



1 



M 2 V3 
V 3 
2 1 



M^Vtt 
V 2 



3x 2 



sx{l + x 2 f/ 2 ' 
whereas the ratio of tensor to scalar perturbations is 

1 



(28) 



V 2 M 2 
v T ivi p 



V 3 s x(x 2 + If/ 2 



(29) 



We shall study the case in which the end of inflation 
corresponds to the region with an exponential potential, 
i.e., Xf -C 1. When s = 1, Eq. (|21|) shows that inflation 
ends around Xf ~ 0.5. Hence the approximation, Xf <C 1, 
is valid when s is larger than of order unity. In this case 
one has Xf ~ l/2s from Eq. I|21|l . Since f(x) ~ x for 
x <C 1, we find 



fix) = {N + 1/2)/ s. 



(30) 



FIG. 2: The spectral index ns of scalar metric perturbations 
as a function of s with three different number of e-foldings 
(TV = 50, 60, 70). This figure corresponds to the case in which 
inflation ends in the region ij < 1. 




LO 100 1000 10* 1 s Id' 



FIG. 3: The tensor-to-scalar ratio r as a function of s with 
three different number of e-foldings (N = 50, 60, 70). 



In the regime of an exponential potential (i « 1) we 
have sx ~ N + 1/2. In this case Eqs. (GHJ an d give 



ns - 1 = - 



2N- 
16 



2N + 1 



(31) 
(32) 



Hence ns and r are dependent on the number of e- 
foldings only. From Eqs. 1|31|) and l|32|l we find that 
n s = 0.9669 and r = 0.1322 for N = 60. It was shown in 
Ref. [35| that this case is well inside the la contour bound 
coming from the observational constraints of WMAP, 



FIG. 4: The quantity kg a (l s M v ) 2 as a function of s. This is 
derived by the COBE normalization at N = 60. 



SDSS and 2dF (see also Ref. [3J). 

Of course there is a situation in which cosmologically 
relevant scales (55 < iV < 65) correspond to the region 
x > 1. In Figs. |2 and [3] we plot ns and r as a function 
of s for three different values of N. For large s(3> 1), 
we find that the quantity x is much smaller than unity 
from the relation (|30|l . Hence ns and r arc given by 
the formula (|31J) and 1)32(1 . For smaller s the quantity 
x becomes larger than of order unity, which means that 
the results H31f) and IK>2[) can no longer be used. In Fig. [2 
we find that the spectral index has a minimum around 
,s = 70 for /V = 60. This roughly corresponds to the 
region x = R/ L ~ 1. As we see from Fig. ^ the potential 
becomes flatter for x > 1. This leads to the increase of 
the spectral index toward ns = 1 with the decrease of s. 
Recent observations show that ns = 0.98 ± 0.02 at the 
95% confidence level j3(| (see also Refs. H3)- As we find 
in Fig. lathis condition is satisfied for N > 60. 

The tensor-to-scalar ratio is given by Eq. I|32|l for s ^ 
1. For a fixed value of N this ratio gets smaller with the 
decrease of s. This is understandable, since the potential 
becomes flatter as we enter the region x ^ 1. The tensor- 
to-scalar ratio is constrained to be r < 0.36 at the 95% 
confidence level from recent observations j3|| . Hence our 
model satisfies this observational constraint. 

When .T60 <C 1 the condition of the COBE normaliza- 
tion l(2*7|l gives 

10 9 

kg s {l s M p f ~ 7rr^( 60 + V2) 2 - 1-55 x 10 10 , (33) 

Z47T 

which is independent of s. As we see from Fig. 0] the 
quantity kg s (l s M p ) 2 departs from the value l|33|) for 
smaller s. However kg s (l s Al p ) 2 is of order 10 10 for s 1. 
It is interesting to note that the COBE normalization 
uniquely fixes the value of the potential at the end of 
inflation if it happens in the regime of an exponential 
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potential independently of the fact where inflation had 
commenced. In fact using Eq. I|17[) gives 



Knd — XfT 3 



M 4 

2kg s (l s M p ) 2 p 



3.2 x 10- n M^. 



(34) 



2.3 x l(T 3 Mp. 



This sets the energy scale to be 

The above discussion corresponds to the case in which 
inflation ends in the region Xf <C 1. In order to under- 
stand the behavior of another asymptotical region, let 
us consider a situation when inflation ends for xt 1. 
In this case the end of inflation is characterized by 
~ l/(2s). Since Xf 3> 1, we are considering a parame- 
ter range s«l. When x S> 1 the function f(x) behaves 
as f(x) ~ x 4 /4, which gives the relation x 4 ~ AN/s. 
Hence we obtain 



n s - 1 



kg s {l s M p f 



3 

'2JV' 



AT3/2 ' 

lO^iV 3 / 2 
6tt 2 



(35) 
(36) 
(37) 



While ns is independent of s, both r and kg s (l s M p ) 2 
are dependent on s and N . For example one has ns = 
0.975, r = 0.003Vi and kg s (l s M p ) 2 = 1.11 x 10 10 ^ for 
TV = 60. From Fig. we find that ns increases with the 
decrease of s in the region 1 < s < 50 for a fixed N. This 
tendency persists for s < 1 and ns approaches a constant 
value given by Eq. (|3*5jl as s decreases. We note that the 
spectral index ns satisfies the observational constraint 
coming from recent observations. The tensor-to-scalar 
ratio is strongly suppressed in the region s < 1, which 
also satisfies the observational constraint. The quantity 
kg s (l s M p ) 2 gets smaller with the decrease of s. 

We can estimate the the potential energy at the end of 
inflation in the regime described by Xf ^> 1, as 



Vend 



?3 , 

I M 4 

kg s (l s M p ) 2 * 



9.0 x 10" 11 ^/sM 4 



(38) 
(39) 



In this case V en d depends on the value of s. The order of 
the energy scale does not differ from (j!?^ provided that 
s is not too much smaller than unity. 

In summary we find that ns and r in our model sat- 
isfy observational constraints of CMB for any values of 
s, which means that we do not obtain the constraint on 
s. This is different from the geometrical tachyon inflation 
with potential V = Vq cos(T/ \/kl 2 ) in which the spectral 
index ns provides constrains on model parameters |26j| . 
The only constraint in our model is the COBE normal- 
ization. If we demand that the value of R at the end of 
inflation is larger than l g , this gives 



where we used r 3 = Mf/(2-ir) 3 g s . 



(40) 



Combining this relation with the condition of the 
COBE normalization: kg s (l s M p ) 2 ~ 10 10 for s > 1, we 
find 



10^ / 

9s > 4^ {M p 



(41) 



Since we require the condition g s <C 1 for the validity of 
the theory, this gives the constraint 



M s /M p < 0.1 



(42) 



After the field reaches the point R = l s , we assume 
that the field T is frozen at this point, which is a rea- 
sonable assumption given what we understand from the 
bulk description of the dynamics. This gives us a positive 
cosmological constant in the system. 



IV. AFTER THE END OF INFLATION 

The first phase driven by the field T is triggered by 
the second phase driven by the field \- Introducing new 
variables X = Xl + *X2, X 2 = xl + x\i x = M P X and 
v = M 2 v, the potential (|13H of the field X reduces to 



U(X) 



1 



?r(fc + l)X 4 - 5l : 



4j: 4 (l s M p ) 4 g s k 

This potential has two local minima at X ( 
±y/v/(2Tr(k + 1)) with negative energy 

U(X C ) = - 



(43) 



l6n 5 k(k + l)(l s M p ) 4 g s 



(44) 



One can cancel (or nearly cancel) this term by taking 
into account the energy of the field T at R = l s . Since 
this is given by V(R = l s ) = T3/ 1 \Jkg s , the condition 
V(R = l s ) + U{X C ) = leads to 



167r 5 (fc + l)T 3 {l s M p ) 4 ^/kg~ s 



(45) 



Using the relation T3 = M 4 /(2ir) 3 g s , this can be written 

as 



r 2 



2ir 2 Vk(k + l) 



Then the total potential of our system is 



where 



W = A ( X 2 — X\ 



A 



4^(l s M p ) 4 g s k ■ 
The mass of the potential at X = is given by 
, d 2 W 



AX- 



■(X = 0) = -AAX' C 



(46) 



(47) 



(48) 



(49) 
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Meanwhile the square of the Hubble constant at X = 
is 



Av 



r,2 



° 127T 2 (fc + l) 2 M p 2 ' 

Then we obtain the following ratio 

|m 2 | _ 247r(fc + l) _ 12 y/2(k + 1) 1/2 1/ 



HI 



jfcV* 



.9, 



(50) 



(51) 



where we used Eq. I|46|) in the second equality. 

As we showed in the previous section, the COBE nor- 
malization gives kg s (l s M p ) 2 ~ 10 10 for s > 1. Then the 
ratio H51(l can be estimated as 



77 2 



5 x 10 d 



5 x 10 J 



-Ms 
AT, 



1/2 



(52) 



Then we have |m 2 | > i?,? for 



quantum fluctuations of X with momenta k < |m|, i.e., 
<5Xfc cx exp(-\/|TO 2 | — fc 2 t) [13 ■ This negative instability 
is so strong that one can not trust perturbation theory 
including the Hartree and 1/N approximations. We re- 
quire lattice simulations in order to take into account 
rescattering of created particles and the production of 
topological defects |4jj ■ 

It was shown in Refs. |40| that symmetry breaking ends 
after one oscillation of the field distribution as the field 
evolves toward the potential minimum. This refects the 
fact that gradient energies of all momentum modes do 
not return back to the original state at X = because 
of a very complicated field distribution after the violent 
growth of quantum fluctuations. 

Finally we should mention that de-Sitter vacua can 
be obtained provided that the potential energy V(R = 
l s ) does not exactly cancel the negative energy U(X C ). 
In order to match with the current energy scale of dark 
energy, we require an extreme fine tuning V(R = l s ) + 
U(X C ) ~ 10~ 123 A/p . However this kind of fine tuning is 
a generic problem of dark energy. 



M s /M p > 4 x 1CT 



(53) 



This means that the second stage of inflation does not oc- 
cur for the field \ provided that the string mass scale M s 
satisfies the condition (H3J). When 4 x 1(T 8 < M s /M v < 
10 _1 , inflation ends before the field T reaches the point 
R = l s , which is triggered by a fast roll of the field x- 
This situation is similar to the original hybrid inflation 
model [H. 

When M s /M p < 4 x 10 -8 , double inflation occurs even 
after the end of the first stage of inflation. In this case the 
CMB constraints discussed in the previous section need 
to be modified. However the second stage of inflation is 
absent for the natural string mass scale which is not too 
much smaller than the Planck scale. 

We note that the vacuum expectation value of the field 
X is given by 



X c = 2V3tAm, 



(54) 



When \m\ > Hq we find that X c is less than of order 
the Planck mass. When double inflation occurs (\m\ < 
Hq), the amplitude of symmetry breaking takes a super- 
Planckian value X c > M p . In this sense the latter case 
does not look natural compared to the case in which the 
second stage of inflation does not occur. 

Since the field x has a standard kinematic term, reheat- 
ing proceeds as in the case of potentials with spontaneous 
symmetry breaking. This is in contrast to a tachyon field 
governed by the DBI action in which the energy density 
of the tachyon overdominates the universe soon after the 
end of inflation. Thus the problem of reheating present 
in DBI tachyon models [T(| E3] is absent in our model. 
Since the potential of the field X has a negative mass 
given by Eq. JJSJi this leads to the exponential growth of 



V. CONCLUSIONS 

In this paper we studied the motion of a BPS D3- 
brane in the presence of a stack of k parallel D5-branes 
in type II string theory. Inflation is realized by the po- 
tential energy of a radion field R which characterizes the 
distance of D3 and D5 branes. This potential is not in 
general written explicitly, but is approximately given by 
(fTUfl for R <C Vkg^l s and JTTJ for R > \7fcg7^. We eval- 
uated the spectral index of scalar metric perturbations 
and the tensor-to-scalar ratio together with the number 
of e-foldings under the condition that inflation ends in the 
region R <C y/kg s l s . This model satisfies observational 
constraints coming from CMB, SDSS and 2dF indepen- 
dently of the value of s defined by Eq. I|22|) . We also note 
that this result does not change even when inflation ends 
in the region R 3> \/kg s l s . 

The only strong constraint coming from CMB is the 
COBE normalization, i.e., kg s (l s M p ) 2 ~ 10 10 for s > 1. 
If we demand that the inflationary period is over be- 
fore the radion reaches the point R = l s , this gives the 
constraint on the number of D5-branes; see Eq. I|40|l . 
Combining this with the condition of the COBE nor- 
malization, the string mass scale is constrained to be 
M s /M p <C 0.1 for the validity of the weak-coupling ap- 
proximation (g s < 1). 

When the radion field enters the region R < l s , the de- 
scription of closed string background is no longer valid. 
Instead the dynamics should be studied using a com- 
plex scalar field x living on the world volume of open 
strings stretched between the probe D3-brane and the 
D5-branes. We assumed that the radion field is frozen 
in the region R < l s , which gives rise to a positive cos- 
mological constant. The potential of the field x is given 
by Eq. I|13|l , which has a negative energy at the potential 
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minimum. If this energy is cancelled by the positive cos- 
mological constant, we obtain the double- well potential 
given by Eq. (g2J) . 

We found that the absolute value of the mass of this 
double-well potential at \ = is larger than the Hubble 
parameter provided that M s /M p > 4 x 1CP 8 . Hence 
in this case the second stage of inflation does not occur 
and the evolution of the field x i s described by a fast 
roll. Since the action of the complex field has a standard 
kinematic term, the problem of reheating present in DBI 
tachyon models is absent in our scenario. Reheating in 
our model is described by tachyonic preheating in which 
quantum fluctuations grow exponentially by a negative 
instability. The symmetry breaking would end after one 
oscillation of the field distribution as the field evolves 
toward the potential minimum. 

It is also possible to explain the origin of dark energy if 
a positive cosmological constant does not exactly cancel 
the negative potential energy of the field \- Although 
this requires a fine tuning, it is intriguing that our model 
provides a number of promising ways to provide viable 
cosmological evolution. 

One of the potential problems with our model is that 
the compactification is not necessarily realistic. Al- 
though we can encode the physics of the gravity back- 



ground as a non-trivial scalar field on a flat brane, we are 
treating this latter object as being fundamental. Thus by 
compactifying this on a T 6 we will be missing higher or- 
der terms coming from the full compactification of the 
D5-solution. These terms may play a more important 
role in the cosmological theory on the D3-brane. It may 
be useful to compare the results obtained in this pa- 
per with a full string compactification by smearing the 
SUGRA harmonic function on a T 4 and compactifying 
the remaining directions on the two-cycles of a torus. 
The resultant analysis is complicated since the DBI may 
not be valid, however this is beyond the scope of the 
current endeavor. 
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